The geometries and harmonic vibration frequencies of the Cu + · O 2 and Cu + · N 2 are determined by various density functional theory (DFT) methods employing different basis sets. The potential energy surfaces (PES) are examined. The Cu + · O 2 adduct exhibits a bent structure with a binding energy of 12.4 kcal mol −1 , whereas Cu + · N 2 exhibits a linear configuration with a binding energy of 23.5 kcal mol −1 . The binding energy values for the two adducts agree well with the available published experimental and theoretical data and hence are reliable.
Introduction
Separation of oxygen from nitrogen and production of oxygen-enriched air are important industrial processes that have been under extensive examination theoretically and experimentally. For many years, gas separation using different types of adsorbents, such as zeolites, has been the focus of many studies. Special attention was given to adsorbents containing transition metal complexes due to their potential capability to allow separation of oxygen from air [1] . This separation process is based on the extent of the physical adsorption of O 2 and N 2 gases. In addition, it was found that zeolites containing Cu cations show high catalytic activity toward the decomposition of NO into O 2 and N 2 [2] . However, the structure and chemical properties of the Cu sites in various types of zeolites have still not been fully revealed due to experimental obstacles owing to low Cu concentrations in Cu-ZSM-5 [3] .
The interaction of N 2 with Cu cations in zeolite has been experimentally studied using IR spectroscopy [2] and guided ion beam mass spectrometry [4] . For the [Cu·N 2 ] + complex in zeolite, the vibration frequency was found to be 2297 cm −1 at r. t. [2] . In addition, the results of DFT analyses of the [Cu · N 2 ]
+ complex were found to be in good agreement with the experimental findings [2, 4, 5] . These theoretical calculations were limited to the global minimum of the complex c 2012 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com for which the structure and binding energy were determined [2, 6] .
The interaction of the Cu + ion with molecular O 2 was examined using the relativistic effective core potential at the level of the CCSD(T) approach [7] . The geometrical parameters as well as the binding energies were calculated for specific orientations of the Cu + · O 2 complexes at different spin states. Recently, the adsorption process of O 2 over the Cu δ + -montmorillonite cluster [Cu δ + -MMT] was examined, in which the structure and binding energy of O 2 with Cu + were obtained using the BLYP/TZP method [8] . The authors concluded that the interaction between O 2 and the active site of Cu δ + -MMT is of physical adsorption type with a binding energy of 13.3 kcal mol −1 .
Few studies have been conducted to elucidate the interaction in Cu + · N 2 and Cu + · O 2 [5 -8] . However, the exact physical parameters governing these interactions were not completely elucidated. In this paper, we examine the structure and potential energy surface for the global, local and transition states of Cu + · N 2 and Cu + · O 2 . The results are discussed and interpreted in the light of the available literature data.
Theoretical Details
The molecular geometry of the Cu + · N 2 and Cu + · O 2 adducts were optimized using different DFT methods. In particular, B3LYP, B3P86 and B3PW91 methods have been employed based on the GAUSSIAN 03 suite program [9] . Pseudo potentials of "LANL2DZ and LANL2TZ" basis set function types were employed only for Cu, whereas standard all electron Pople-type 6-31+G(d) and 6-311+G(df) basis sets were utilized for the atoms of the gases O 2 and N 2 .
The potential energy surfaces (PES) of the Cu + · N 2 and Cu + · O 2 adduct have been obtained using the intrinsic reaction coordinate (IRC) [10, 11] . Vibration frequency tests were used to determine which minimum represents the saddle point and to calculate the zero point energy (ZPE) and its thermodynamic properties at T = 298 K for each stationary point on the curve. For each complex, the binding energy was calculated by subtracting the total energy of the adduct Cu + · X 2 from the total energy of the un-complexed moieties, Cu + and X 2 , including the zero point correction. The resulting binding energy was then subjected to the basis set superposition error (BSSE) using the full counterpoise method [12, 13] .
For the adduct formation Cu + + X 2 → [Cu · X 2 ] + the thermodynamic parameters were calculated. In particular, ∆H o was calculated using the following formula [14] ,
where, E corr is the corrected electronic energy including the zero point energy and enthalpy thermal corrections. This term is calculated directly from the frequency test for each stationary point. The same procedure was applied for calculating ∆G o for the [Cu · X 2 ] + adduct interaction.
To get a deeper insight into the electronic structure and bonding properties of Cu + · O 2 and Cu + · N 2 , the electronic parameters and atomic charges of the two adducts at different structures were calculated according to the natural bond orbital (NBO) analysis procedure [15] . These calculations were performed on the basis of the B3P86/6-311+G(df) wave functions.
Results and Discussion
The Cu + ·O 2 adduct
The intrinsic reaction coordinates of Cu + · O 2 obtained at the UB3LYP level of theory indicate the existence of one minimum and two transition states. The minimum has a bent structure whereas the two saddle points of first order-type exhibit T-shaped and linear structures as illustrated in Fig. 1 . Table 1 ). It is noteworthy that their computational results were obtained on the level of the BLYP/TPZ method including the interaction of N 2 and O 2 gases with the Cu + ion in the MMT cluster [8] .
As shown in Table 1 , the O-O bond length in Cu + · O 2 was found to be slightly longer than that of the free O 2 molecule. Importantly, the highest σ vibration obtained using different DFT methods of 1593 cm −1 [calculated on the basis of the UB3LYP/LANL2TZ/6-311+G(df) method] for the bent coordination is in good agreement with the experimental value of 1544.7 cm −1 for ω(O 2 ) as well as with the calculated value of 1587 cm −1 obtained from the DFT method [16] . For the two transition state structures, it was found that the highest harmonic frequency values obtained using the UB3LYP level of theory are slightly smaller than those obtained using the UB3P86 and UB3PW91 levels of theory (see Table 2 ). However, all DFT meth- [7] ; c taken from ref. [8] .
ods applied here yielded reasonable harmonic frequencies that compared well with the experimental findings.
The NBO population analysis of the Cu + · O 2 complex in different configurations was performed using the common UB3P86/6-311+G(df){O 2 }/ LANL2DZ{Cu} calculations. The NBO analysis of the atomic charges listed in Fig. 2 showed that the electronic charge of the Cu + ion in the bent coordination is not significantly changed, whereas the first oxygen atom (O1) directly attached to the Cu + ion gains electronic charge from the second oxygen atom (O2). The charge redistribution of the O 2 moiety in the complex is due to the polarization of the π electrons of molecular O 2 . This indicates that the copper ionic charge causes a strong electric field on O 2 suggesting that pure electrostatic interactions are dominant, mainly, charge-quadrupole and charge-induced dipole interactions. In addition, a very small variation in the metal ionic charge indicates a weak interaction between the HOMO (π * 2p orbital) of the O 2 moiety and the LUMO (4s orbital) of the Cu + ion since the For the T-shaped transition state, the atomic charge distribution shows that the Cu + ion as well as the O 2 moiety keep most of their charges. This means that the interaction between them is of repulsive nature, which pushes the Cu + ion away from the O 2 moiety to a distance of 2.29Å, which is larger than the displacement distance observed for the bent coordination (2.02Å). The second transition state with a linear structure has a charge distribution that is similar to that obtained for the global minimum (see Fig. 2 ). Note here that according to the NBO analysis the variation in the charge of the Cu + ion in three structures is very small. This indicates that the HOMO(O 2 − π * 2p ) ↔ LUMO(Cu + 4s ) interaction may have little influence on the interaction between the Cu + ion and the O 2 moiety in the complex.
Electronic and bonding properties in the Cu + · O 2 adduct
The NBO population analysis of the corresponding orbitals between the metal ion and the O 2 moiety, in different configurations, were calculated and compared with those of its components. For the minimum and transition state structures, the natural charge of the copper ion as well as the 3d, 4s and 4p orbital populations were calculated and listed in Table 3 . The Cu + ion in its ground state is a d 10 closed-shell system, while in the adducts with bent, T-shaped and linear structures the population of the 4s orbital is not negligible, indicating that the valence electrons of the copper ion are redistributed with a sizable charge transfer from an O 2 lone pair to the metal ion except for the latter struc- a Taken from ref. [7] .
ture. In all structures, an electronic charge transfers from 3d orbitals toward the 4s orbital occurs, the population thus increasing by 0.052, 0.032 and 0.033 for the bent, T-shaped and linear structures, respectively. This indicates some 3d-4s mixing (hybridization) and hence reduction in the metal-O 2 repulsion enhancing the binding interaction. A similar behavior is observed for the O 2 moiety in the complex (see Table 3 ). For the bent structure, it was found that the total population of the valence orbitals of molecular O 2 is slightly reduced as a result of a weak σ donation. Consequently, the interaction process is largely of an electrostatic type. A similar behavior is also observed in the T-shaped transition state structure. Table 3 indicates that for the complex in its linear structure a small amount of electrons is transferred from the 3d orbitals of the Cu + ion and distributed mainly on the 4s and 4p orbitals of the Cu + ion whereas the remaining electrons transfer to the LUMO of the O 2 moiety. This is consistent with the slight increase in the positive charge located on the copper ion (see Fig. 2 ).
Binding energies of the Cu + · O 2 adduct
The binding and associated basis set superposition energies of the Cu + · O 2 adduct in different configurations were calculated by various DFT methods (UB3LYP, UB3P86 and UB3PW91) (see Table 4 ). In all cases, the computed values of the binding energies are consistent and reliable. Notably, our best value for the binding energy of the Cu + · O 2 adduct, in the bent structure, is 12.4 kcal mol −1 , which is highly consistent with the values of 12.3 and 13.3 kcal mol −1 that obtained theoretically at the CCSD(T)/BS1 [7] and BLYP/TZP [8] levels of theory, respectively. Furthermore, our best value, that was calculated at the UB3LYP/LANL2TZ/6-311+G(df) level of theory, is in good agreement with 11.0 kcal mol −1 that inferred from experiments [17] .
Our best values of the computed binding energies [11.5 kcal mol −1 for the linear and 5.3 kcal mol −1 for the T-shaped structure (see Table 4 )] agree very well with the values of 11.8 and 5.4 kcal mol −1 calculated at the level of the CCSD(T) method [7] , respectively. As expected, the binding energy of the linear transition state structure was found to be close to the global minimum binding energy. Since there are no experimental and theoretical thermodynamic data, the ∆H o 298 K and ∆G o 298 K values for the Cu + · O 2 complex in its global minimum structure were calculated to be −13.0 and −7.6 kcal mol −1 , respectively.
The Cu + · N 2 adduct
The results of the geometry optimizations and harmonic frequency calculations for the Cu + · N 2 adduct ( 1 Σ + state) are given in Tables 5 and 6 , respectively. According to the IRC diagram presented in Fig. 3 , we considered both the linear and the T-shaped structures. We found that the T-shaped structure was a saddle point, obtained from internal rotation of N 2 , and being the saddle point between the two equivalent linear structures. The agreement between the different levels of DFT theory is again very good. Delabie et al. [6] optimized the geometry of Cu + · N 2 in its linear structure at the B3LYP/ECP{Cu}/TZVP{N 2 } level of theory, where r (Cu-N) was calculated to be 1.923Å -reasonably close to our best value of 1.927Å calculated at the B3LYP/LANL2TZ/6-311+G(df) level of theory. In addition, the r (N-N) value of 1.093Å agrees well with the experiment (1.098Å) obtained for the free N 2 molecule using rotational Raman spectroscopy [18] as well as with the theoretical value of 1.093Å [6] . The same result is obtained for the T-shaped structure, where a reasonable agreement is found among the calculated geometrical parameters using various DFT methods. The harmonic vibration frequencies were calculated by various DFT methods. Our best value of the N-N stretching frequency (2450.3 cm −1 ) calculated on the basis of the B3LYP/LANL2TZ/6-311+G(df) level of theory, agrees well with the values previously obtained (at DFT: 2333 cm −1 [2] and at LSDA: 2387 cm −1 ) [5] . For the T-shaped transition state structure, the N-N stretching frequency is closer to the experimental and theoretical values of the free N 2 molecule [18, 19] (see Table 6 ).
The NBO population analysis of the atomic charges of the Cu + · N 2 adduct indicates that the interaction between the Cu + ion and the N 2 moiety in its linear structure is stronger than that in the T-shaped structure as illustrated in Fig. 4 . It was found that the charge distribution of the N 2 molecule in the adduct is highly polarized, since the nitrogen atom directly attached to the Cu + ion exhibits a partial charge of −0.23, whereas the second nitrogen atom has a charge of +0.24 (Fig. 4) . This is due to the π electrons largely migrating toward the nitrogen atom nearest to the Cu + ion as a result of high attraction forces between them.
The atomic charge distribution of the T-shaped structure, presented in Fig. 4 , indicates that the interaction between the Cu + ion and the N 2 moiety is of repulsive nature. This may reduce the stability of the T-shaped structure, and hence, push the Cu + ion away from the N 2 molecule to further distance as compared with the linear configuration (see Table 5 ).
Electronic and bonding properties in the Cu + · N 2 adduct
The atomic population of the corresponding orbitals in Cu + · N 2 in different structures were calculated and compared with those of the Cu + ion and the N 2 molecule before complexation. These results are summarized in Table 7 . In all structures, the electron density of the 3d orbitals of the Cu + ion was reorganized, and an electronic charge transfer from the 3d orbitals [3d 10 → 3d 9.921 (linear) and 3d 9.960 (Tshaped TS)] toward the 4s orbital the population of which increases by 0.090 and 0.053 for the linear and T-shaped structures, respectively, took places. Further- more, a similar behavior is observed for the N 2 moiety in the adduct, where the electron density of the valence shell is slightly redistributed. It appears that the π electrons mainly migrated toward the nitrogen atom directly attached to the Cu + ion. The population of the 3d orbitals in the two structures of Cu + · N 2 is lower than 10 indicating a sizable electron transfer mainly to the 4s orbital. Such electron delocalization process indicates that the Cu-N linkage has a dative bond character. Table 7 shows that an electronic charge transfer from the HOMO (σ 2p ) of O 2 to the LUMO (4s) of the Cu + ion is favorable but still relatively weak since the bond length of the N 2 molecule is not significantly changed.
It is worthwhile to mention that the quadrupole moment of the N 2 molecule (−1.463 DÅ) is 3.5 times larger than that of the O 2 molecule (−0.403 DÅ) [19] , and hence, the electrostatic interaction within the Cu + · N 2 adduct is expected to be larger than that of the Cu + · O 2 complex. In addition, the Cu + ion is found to be closer to the N 2 moiety in the Cu + · N 2 adduct, compared to distance of the O 2 moiety in Cu + · O 2 . Consequently, the binding energy of the Cu + · N 2 adduct is expected to be larger than that of the Cu + · O 2 adduct as presented in the next section.
The difference in the geometry of the global minima of the two adduct (bent "Cu + · O 2 " vs. linear "Cu + · N 2 ") may be explained by two factors. In particular, the bonding modes exhibited by N 2 and O 2 are slightly different. This is reflected in the interaction process within the adduct. Tables 1 and 4) .
Binding energies of the Cu
The binding energies of Cu + · N 2 in the linear and T-shaped structures were calculated by various DFT methods, with the results given in Table 8 . In all cases, the results obtained by these methods are relatively consistent and reliable. We found that the linear structure exhibits the strongest binding energy between the Cu + ion and the N 2 moiety with a binding energy of 22.5 kcal mol −1 (B3LYP/LANL2TZ/6-311+G(df)). Our best value agrees very well with the values of 22.9 and 23.2 kcal mol −1 obtained by the CCSD(T) [6] and BP86 methods [5] , respectively. Furthermore, our DFT results of the binding energy of the linear Cu + · N 2 structure agree very well with the experimental value of 21.2 ± 7 kcal mol −1 [4] (see Table 8 ). For the saddle point, the T-shaped structure exhibits a larger repulsive interaction that reduces its binding energy to a value of 6.8 kcal mol −1 .
Unfortunately, experimental and theoretical results of the thermodynamic data for the Cu + · N 2 adduct are lacking, but one could at least propose that the negative sign of ∆H 0 298 K indicates that the formation of this adduct in its linear structure is exothermic (see Table 8 ).
Conclusions
The equilibrium geometries and harmonic vibration frequencies of Cu + · O 2 and Cu + · N 2 have been calculated by various DFT methods. They show convergence with the basis set that was used. Cu Electrostatic interaction appears to be the predominant driving force in Cu + · N 2 as may be seen from the high polarization of the π electrons of the N 2 moiety, which creates a stronger interaction with the Cu + ion (see Fig. 4 ). This feature has less effect in the Cu + · O 2 adduct due to the small quadrupole moment of the O 2 moiety. In addition the hybridization of the valence orbitals of the two species {(N 2 (sp), O 2 (sp 2 )} plays an important role in the interaction process within the adduct.
